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abstract
In an analogy to the case of axion, which converts the -angle into a dy-
namical degree of freedom, we are trying to imagine a situation where the quark
mixing angles turn out to be dynamical degrees of freedom (pseudo-Goldstone
bosons), and their vacuum expectation values are obtained from the minimization
of the vacuum energy. We present an explicit supersymmetric model with hori-
zontal symmetry, where such a mechanism can be realized. It implies one relation













which is fullled within present experimental accuracy. We believe, however,
that the idea might be more general than this concrete model, and it can be
implemented in more profound frameworks.
1
1 Introduction
The problem of CP violation in strong interaction, so-called -problem, can be
most naturally resolved by the introduction of the axion eld which converts 
parameter into a dynamical degree of freedom [1, 2, 3].
The pseudo-Goldstone boson, axion, is related to the chiral, avour nonchang-
ing, transformations of quarks: global U(1)
PQ
symmetry by Peccei and Quinn [1].
This symmetry group can be extended to the rotations including a change be-
tween dierent generations. Such a generalization of the Peccei-Quinn symmetry
would lead to the appearance of a set of Goldstone bosons { familons [4].
Axion, being massless at the classical level, acquires small mass due to quan-
tum corrections { more precisely, due to axial anomaly { and thus becomes a
pseudo-Goldstone boson. The axion eld acquires the vacuum expectation value
(v.e.v.) which xes the eective value of the  parameter. Namely, the minimum
of the vacuum energy corresponds to  = 0 resulting in the absence of strong CP
violation.
The v.e.v.'s of the familons are unxed as long as the familons remain true
Goldstone bosons. However, though they cannot acquire masses by the same
mechanism as the axion, they can nevertheless have small masses due to the
explicit breaking of the corresponding symmetry, possibly through the radiative
corrections. If this happens the v.e.v.'s of the familon elds would x the mixing
angles of the quarks, i.e. the Cabibbo{Kobayashi{Maskawa (CKM) matrix, in
the same way as the v.e.v. of the axion eld xes the  parameter.
In other words, we are trying to imagine a situation where the quark mixing
angles turn out to be dynamical degrees of freedom (pseudo-Goldstone bosons)
and their vacuum expectation values are obtained from the minimum of the vac-
uum energy. We shall present an explicit example how such a mechanism can
be realized. We believe, however, that the idea might be more general than the
concrete model described in this paper.
The complex, generally non-hermitian mass matrices of the up and down


















































are the unitary matrices which connect the quark mass eigen-
states with the symmetry states ("current quarks") as the latter appear in the










transform under the left-



























































































, has not much physical sense in the absence of the right-handed weak
interactions.
Assume now that the fermion masses are actually the v.e.v.'s of certain elds.
It can be a very natural situation that the minimum of the relevant Higgs poten-



















would remain undened. To have this property it is sucient that the Higgs















themselves. (Of course, we actually have













































































If it does not, the dependence on the CKM matrix K
L
will anyway appear when
the usual weak interaction is taken into account.
1
Indeed, when the quark masses
are xed, radiative corrections from weak interaction will lead to the contribu-
tion to the eective potential exactly of the form (5) through the loop diagram
shown in Fig. 1. Indeed, it is straightforward to see that this diagram yields the






































are the masses of the up and down quarks.
Due to Eq. (3), this expression exactly coincides with (5).
One can ask whether it is reasonable to assume the absence of the contri-
bution (5) to the eective potential in the tree approximation if it anyway ap-
pears through the diagrams of Fig. 1? Clearly, the tree potential should include
counterterm of the same structure. The situation is analogous to a one of the
pioneering work by Coleman and Weinberg [5]. For a xed, not too large value
1


















are respectively in representations (3;

3; 1; 1) and (1; 1; 3;

3). Clearly, no mixed structures
like (5) or (6) are allowed by this U(3)
4
global symmetry. However, weak interactions are not




states and thus the term (5) becomes
possible.
3
of a cuto the contribution of the loop diagrams is smaller than the value of the
tree potential. The smallness of the loop contribution should be attributed then
to the additional powers of the dimensionless coupling constant.













are the weak singlets (i = 1; 2; 3 is a family index). The quark

















































Therefore, actually these are Yukawa coupling constants which we treat as dy-
namical degrees of freedom, assuming that they are given by v.e.v.'s of certain





i.e. the values of quark masses, are frozen by the requirement of the minimum
of the tree-level potential of these elds. In what follows, they will be treated
as xed constants. At the same time the CKM matrix is related to a set of
dynamical degrees of freedom, the angles which enter the CKM matrix are the
v.e.v.'s of the pseudo-Goldstone bosons similar to axion, and their values should
be determined by the minimum of eective potential at the radiative level. In
other words, we minimize the energy of the ground state with respect to the form
of the unitary matrices in (1).
In Figs. 2,3 we show the loop diagrams induced due to the Yukawa couplings
(8). 3-loop diagrams of Fig. 2 in fact contribute to the vacuum energy, and they












], where  is a cuto scale (for the moment
we omit the loop factors). The quadratically divergent 2-loop diagrams like the















]. For the xed Yukawa matrices this diagram represents a
contribution to the Higgs doublet mass (among the other quadratically divergent
contributions). However, for the given value of H it can be treated as an eective
potential term for the Yukawa degrees of freedom.
Clearly, the quadratic divergency in the diagram of Fig. 3 will be removed
as soon as one considers the supersymmetric theory [6]. In the case of unbroken
supersymmetry the radiative corrections of Figs. 2,3 are exactly vanishing. Once
supersymmetry is broken at the scale m
S
which can be from few hundred GeV to
few TeV (i.e. roughly m
S






the other hand, in the supersymmetric theory the vacuum energy is in general






. For the special choice of structures of the supersymmetry breaking soft
4
terms the quadratic divergency can be removed also in the vacuum energy [7], in
which case the contribution of Fig. 2 would become  m
4
S
. However, in the rest
of the paper we will not consider this specic case.
Thus, in the context of our discussion the diagrams of Fig. 1 and Figs. 2,3,
in spite of dierent degree of their divergency, are very similar: in fact, they all
reproduce the structure (5). The insertion of the Higgs v.e.v. in the diagram
of Fig. 3 ensures that the quarks become massive, which fact was implicitly
assumed in the diagram of Fig. 1. One can say that the diagram of Fig. 1
has been calculated after the spontaneous symmetry breaking had already taken
place while the diagram of Fig. 3 is used before the symmetry breaking occurs.
The W exchange in Fig. 1 is altered to the exchange of the charged Higgs boson
in Fig. 3, which stays now instead of the longitudinal W boson. Indeed, if the
gauge coupling constant goes to zero, then the contribution of the diagram of
Fig. 1 does not vanish, as it may seem at rst glance, if one would substitute
M
W
 gv. This concur with the non-vanishing contribution of the diagram of
Fig. 3.





, i.e. quark masses (2), are frozen by the requirement of the minimum of
the tree-level potential. In what follows, they will be treated as xed constants.
At the same time the CKM matrix is related to a set of dynamical degrees of
freedom, the angles which enter the CKM matrix are the v.e.v.'s of the pseudo--
Goldstone bosons similar to axion. We have argued that if the term xing the










is absent in a tree-level potential, then
it is induced radiatively. The eective potential, which must x the v.e.v.'s of
these elds, i.e. weak mixing angles, should at least contain the term (5) since
this structure is dictated by usual weak interactions.
On the other hand, if the structure (6) is absent in the tree-level potential,
then it will not emerge after the radiative corrections as long as the right-handed
fermions do not have SU(2)
R
gauge interactions and the related Yukawa cou-
plings. That means that the relative rotation angles of the right-handed quarks
correspond to the true Goldstone degrees of freedom. They will not be considered
in this paper as well as any other true Goldstones { familons.
According to our scenario the v.e.v.'s of the pseudo-Goldstone bosons (so to
say, "pseudo-familons") x the mixing angles, just like the v.e.v. of axion eld
xes the -angle.
2
The masses of these bosons are related to the absolute value
of the loop contribution of the type of (5) to the eective potential. It is very
2
Let us remark that besides the axion, there exists one more example when a rotation angle
is actually a dynamical degree of freedom. This is an usual pion eld corresponding to chiral
rotations of quarks in the isotopic space. In the chiral limit when the current masses of the









6= 0 pions become pseudo-Goldstones and their v.e.v.'s turn out to be
zero, h
a







dicult to estimate the value of V
e
. However, we shall argue below that if
the cuto is actually given by the TeV scale supersymmetry, the pseudo-familon
masses can be in the MeV range.
Unfortunately, the potential which contains only a term (5) does not lead to
nontrivial mixing angles: the angles all vanish if it enters V
e
with a negative
coecient, or all equal to =2 if this coecient is positive. Therefore, we are
obliged to add some dierent structures. This problem will be discussed in the
next sections.
The paper is organized as follows. In Section 2 we continue to discuss a
possible symmetry structure of the eective potential which could provide a non-
trivial solution for the CKM angles. The eective potential is presented in a
special parametrization. In Section 3 a concrete model based on a chiral horizon-
tal SU(3)
H
symmetry of generations is considered, in which naturally emerges
the general structure of the eective potential assumed in Section 2. In Section 4
we discuss a toy model with two generations of fermions. This example allows to
explain the underlying physical mechanism, and also serves as a technical tool in
considering the more complicated realistic case of three generations. The latter
case is considered in Section 5. The mixing angles are found and one physical
relation between the angles is established (see Eq. (64)), which is satised within
the present experimental accuracy. In Section 6 we estimate a range of possible
masses of pseudo-Goldstone bosons related to the CKM mixing angles. Some
concluding remarks are given at the end of the paper.
2 Eective potential for the CKM matrix
In the standard model the gauge interactions of fermions obey the global symme-










. As it was explained above, one can imply by the





transform respectively as (3; 1;

3) and (1; 3;





The simplest assumption is that the eective potential in the tree approx-











would leave all the rotation matrices in Eq. (1) to be the Goldstone degrees of
freedom. Then radiative corrections induce the structure (5) in the eective po-
tential which lifts the vacuum degeneracy with respect to CKM angles, and thus
xes their values. However, as we have already mentioned, if only the structure
(5) is present in the eective potential, the mixing angles are trivial.
Next in simplicity would be an assumption that the third generation of the
fermions is somewhat dierent from the rst two. Qualitatively we can express














]. We assume that
these terms indeed appear together with the term (5) in the eective potential,
6





































where A;B and C are some unknown constants.
In the next section we shall present an explicit model which has exactly these
properties. In this model all the structures in (10) emerge at the radiative level
due to the spontaneous symmetry breaking rather than in explicit manner.












































where U  U
L
, V  V
L
, and K = UV
y
. This basic expression can be reorganized
in the following way. First we notice that the matrix 
8
 diag(1; 1  2) can be
changed to 
0
 diag(0; 0; 1), since the terms (11) with the unit matrix I instead
of 
8
does not depend on U and V . Then, without lose of generality, one can

















































































































we use their approximate values (13):
We shall parametrize the 33 unitary matrices U and V by three consecutive















































, they drop out in two rst terms for the potential in
the expression (11). Second, only their product, S
12
, remains in the third term.
To introduce the necessary 6 independent phases in U and V we include three




















































































































































The straightforward calculation of the eective potential (12) shows that it






























































































































































































































































































In the following, for parametrization of the CKM matrix we adopt the "stan-





















































































, etc., and  is the CP violating phase.
8
3 The model
To carry out explicitly the program which was outlined in the previous sections
we use the model with the chiral horizontal SU(3)
H
symmetry between the gen-














are anti-triplets (i = 1; 2; 3
is an index of generations). In this paper we will not consider leptons, though
clearly they can be included in a strightforward way.
















, we can write the simplest Yukawa couplings which can lead
to the appearance of the quark masses in the following form (we skip subscript






























represent a set of the Higgs doublets of SU(2)  U(1)
(index ;  = 1; 2) which simoultaneously transform as

6 or 3 under SU(3)
H
.
The problem with the couplings (20) is that they lead to the avour changing
neutral currents (FCNC), as always happens when more than one Higgs doublet
gives masses to the quarks with the same charge of dierent generations [10]. It
is not easy to suppress naturally these currents [9].







Eq. (20) by the products of the Higgs elds which are transformed trivially by
each of the groups SU(3)
H






























and are singlets of SU(2)
U(1), while H
1;2
are doublets of SU(2)U(1) and the SU(3)
H
singlets. M is the
mass parameter which is introduced to preserve the right dimension of the elds.































One sees that for large enough M the interaction of the quarks with the scalars
can be made as weak as necessary whereas the usual values of the masses of the














the Yukawa coupling constants in the standard model.
3
3



















, ;  ! e
 2i'
; . Thus








! nothing . In fact, U(1)
H
can serve as the
Peccei-Quinn symmetry unless it is explicitly broken in the potential of  and  [12].
9
As a matter of fact, what we actually have in mind in considering this model,







are the MSSM Higgs doublets and  and  are `horizontal' Higgs




For the completeness of the theory,
in principle one has to introduce also the Higgs superelds  and

 in representa-
tions conjugated to  and , but these do not play a relevant role in our further
considerations. Eq. (22) actually are the superpotential terms responsible for
quark masses.
There are dierent ways to justify the appearance of the non-renormalizable
interactions (22). Maybe the most natural and simplest way is to introduce the
additional vector-like set of heavy fermions [11], namely, the weak isosinglets
transforming as triplet representation of SU(3)
H
[12]. In other words, per each































The assignment (23) allows the large mass terms ("survival hypothesis") for


































with the scalar  in an adjoint (octet) representation of SU(3)
H
:   8. It
is natural to assume that due to a tree-level potential,  develops the v.e.v.
proportional to 
8
: hi  diag(1; 1; 2). Of course, the mass parameter M can
be dierent in U and D mass terms as well as the coupling constants for the two
structures of (25). However, this is irrelevant for our discussion.








































where we absorbe the coupling constants into the Higgs elds.
4
In the following, as it is usually adopted, we distinguish the fermion and Higgs superelds
by their matter parity, negative for fermions and positive for Higgses.
10
All Yukawa couplings of the light and heavy fermions can be presented in the


































 0 M +  0










The constant mass matrix emerges when the scalars are changed by their v.e.v.'s.
The eective non-renormalizable Lagrangian (22) emerges through the dia-
grams of the type of Fig. 4 in the limit M  ; ;. Hence, mass matrices of

















































 M the quark masses




=M . Clearly, the large value of the
top mass requires 
3
 M , whereas other v.e.v.'s should be much smaller than
M . Actually, for the top mass one has to use more precise formula (see e.g. in
ref. [13]) rather than the one given in seesaw limit, Eq. (29). However, this is
not of principal importance for our consideration. In addition, since our model
has a rather illustrative character, we do not take into account the renormaliza-
tion running of masses from the scale of the horizontal symmetry down to the
electroweak scale.
In spirit of our proposal, we assume that a tree-level superpotential of ;  and





), etc., but does not contain crossing terms like Tr (), Tr (),
etc. At this level, potential can x a shape of v.e.v's of each of these elds,
but the relative orientation of the v.e.v's of ,  and  remains unx. In other







to independent unitary transformations of ;  and .
The Yukawa terms do not obey the SU(3)
3
global symmetry, and hence ra-
diative corrections should violate it also in the Higgs potential. Nevertheless,
if supersymmetry is unbroken, no additional structures will emerge in radiative
corrections and thus the CKM angles would remain the true Goldstone modes.
However, once supersymmetry is broken, radiative corrections will become eec-
tive. They remove the vacuum degeneracy and give rise to certain terms in the
eective potential which link these scalars to each other. The soft supersymmetry











 v is soft mass scale. Then the desired structures (10)

























The rst two terms in (30) indeed emerge from the one-loop supergraphs
shown in Fig. 5, after inserting the spurion elds into the internal lines. By taking
into account that hi  
8
, these terms would immediately translate into the
two rst terms for the eective potential (10). Clearly, from the similar diagrams









is a combination of the unit matrix and 
8
itself.
The third term in (30) emerges from the 3-loop graph of Fig. 6, where under
the non-renormalizable vertices we actually imply the eective operators induced
by the heavy (with mass M) fermion exchanges as in Figs. 4. For a momenta
smaller than M , when our theory eectively reduces to the non-renormalizable
operators (22), this graphs eectively reduce to the ones given in Fig. 2, which (in
supersymmetric case) are quadratically divergent. Therefore, M actually acts as
















Thus, after the supersymmetry breaking the following terms emerge in the

























which after substituting the basic tree-level v.e.v's of these elds reduce to the
V
e
of the structure given by Eq. (10). The same order of magnitude of all three
terms can be achieved by properly chosen values of hi M and of the coupling
constants in Eq. (25).
The following comment is in order. For the vacuum expectation value of 
we have assumed that actually only one component of the octet does not vanish:
hi  
8
, or or equivalently hi  (0; 0; 1). One can expect similar properties
for sextets and triplets. Certainly, when the SU(3)
H
"reference frame" is already
chosen by the concrete choice of hi  (0; 0; 1) there is no reason for  or  to
have several non-vanishing components but rather one non-vanishing eigenvalue




. The result would be that only one up- and one
down-quark would acquire a mass. To get all the quarks massive one should
introduce several Higgs elds in the place of  or , say one sextet and two





the sum of these elds (with the absorbed coupling constants). Furthermore our
assumption has been that the tree potential is organized in such a way that it is
invariant under the separate rotations of all elds composing , or , or . The
relative SU(3) orientation of  and  as well as their relative orientation to  is
given then by the loop contribution to V
e
leading to the expression (10).
Concluding, in the case of the exact supersymmetry the structures (31), once
they are absent in tree-level potential, would not appear in radiative corrections.
Broken supersymmetry allows to generate such terms, however suppresses their
values so that they are proportional to m
2
S
. They appear in eective potential





, much smaller than typical size ( M
4






etc. (certainly, there is also an additional suppression due to
the loop factors). Therefore, pseudo-familons are indeed light, with masses < v.
5
Below we shall try to estimate the magnitude of the loop diagrams of Figs. 5,6,
and hence the values of the pseudo-familon masses. At the moment we conne
ourselves by the observation that the model indeed lead to the V
e
of the structure
given by Eq. (10).
4 A toy model for two generations
In this section we shall consider the unrealistic model of two generations of
fermions: u
i
= (c; t), d
i
= (s; b). The purpose of this exercise is twofold: rst,
this simplied version very well illustrates the physics related to our approach.
Second, below we shall use the results of this section in treating the realistic case















































 = ~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~
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 =   
~
    + ~ : (33)
The extremum of this potential corresponds to sin = 0, i.e.  = 0; . By
allowing both signs for ;
~
, we can choose  = 0 and simplify Eq. (33) in the












































Let us remark that there are other interesting examples when the at directions of the
supersymmetric theory give rise to light states in the particle spectrum. One popular example
is, e.g. when the MSSM Higgs doublets appear as pseudo-Goldstone bosons of the accidental
global symmetry [14].
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To gain some physical intuition it is useful to interprete the expression (34) as































Each positive coecient (say a > 0) describes the "repulsion" of the correspond-









) =  1, i.e. 
1
= . Any negative coecient (e.g. b < 0) can be








Clearly, if all three couplings are attractive: a; b; c < 0, then the absolute
minimum of V
e









= 0. If there are two repulsions and one attraction (say, a > 0; b > 0 and










are stuck to each other
but oriented in the opposite direction to the third one ~n
0
.
There are two cases when one can expect the nontrivial conguration of the
vectors and therefore nontrivial mixing angles (see Fig. 7) First case corresponds
to three repulsions, a; b; c > 0. Second is realized for two attractions and one




are attracted to ~n
0
, but their mutual repulsion does not allow them to stick to












































































































(ab + a+ b)(a + b  ab) :




should be positive leads to the region of the
allowed values of a and b shown in Fig. 8 (for c = 1 regions I and III, for c =  1





One can see from Fig. 8 that, in order to have nontrivial mixing angles for
c = 1, one should either have a and b both positive or both of them negative. An
14
additional feature is that for positive a; b, i.e. for the case of all three repulsions,
for enough large values of a and b, when ab   a   b > 0, there is no non-trivial
mixing. Consider, for example, the simple case when a = b. Then for a > 2






is so strong that they stick to each other in
the opposite direction to ~n
0
, in spite of repulsion between themselves. The value





appears. This angle grows as a decreases and reaches 120

for






compose a conguration with all the angles equal 120

.







is very strong, so that ab + a + b > 0 (e:g:a <  2 for a = b), all
three vectors are stuck to each other. Only for smaller jaj; jbj the mixing angle
appears.




 1, i.e. inside
the regions of Fig. 8, the non-trivial solution (37) (or (38)) leads to lower energy
than the trivial ones. For example, for the case of three repulsions, a; b; c > 0, the
magnitude of the eective potential (34) for the cos
i




=  a  b + c 




which is always smaller as comparted to the magnitude V
(0)
e










= a+ b + c 




which is again less than the magnitude V
(0)
e
= a + b + c at the trivial extremum

1;2;3
= 0. In fact, the mixing angles outside the regions of Fig. 8 become trivial
(zero or ) not because the energy of the trivial solution becomes lower than
the energy corresponding formally to (37), but solely because that there are no





5 Three generations: xing the CKM angles
We now pass to the realistic case of three generations. The basic expression for
V
e
, which we use in what follows, is given by Eq. (18).
The solution with sin
i
= 0, i = 1; 2; 3, is certainly an exact extremum of
V
e
. One can argue that it is unlikely to have dierent extremums corresponding
to non-trivial phases.























































they seem to be negligible as compared to










) contains even more sinuses
then the leading contribution (41) and it is very dicult to imagine what could


















6= 0; =2, 
0
12
6= =2) implies that
sin
1
= 0. Thus, 
1
= 0 or 
1
= . We shall choose 
1
= 0 and see that this
value corresponds to a minimum of V
e





































are small and have the














, after we insert 
1
= 0. We




= 0. For the solution given below (! = 0) we


















































Next step is to nd the minimum in !. Contrary to the case of the phases

i
, ! = 0 is not an exact solution of the equation dV
e
=d! = 0. However, if







! = 0 is indeed an extremum. We adopt this approximation and write down the




































































































































To nd explicitly the mixing angles we shall use the mass hierarchy and the












































reduces to the two-generation case
considered in Section 4. As it was explained in this section, the only way to get
the non-trivial mixing angles is to have two negative and one positive coecients
16
in the expression for V
e
. If one rewrites (45) in the form of Eq. (36) and

























, this case would
correspond to an attraction of a two pairs of the vectors and one repulsion. We
shall choose the situation shown in Fig. 7B corresponding to A < 0, C < 0,




are both attracted to ~n
1
but repulse from each other.
Clearly, in this case the "gluey" vector ~n
1





To use the results of Section 4 we rewrite the expression (45), omitting an









=  a cos 2
23










































In Eq. (38) a and b mean actually a=c and b=c with c = 1. Since the expression
(46) diers from (34) by the change a!  a and c!  c =  1, we can directly
use the expression (38) changing the ratios a=c ! a=c, b=c !  b=c, i.e. a ! a,
































(ab  a+ b)(ab + a  b) :
It is now clear that at the end we shall be able to get just one relation for







(see below, Eq. (55)) express all mixing angles (3 of them
physical) through two unknown parameters jA=Cj and jB=Cj. However, it is































. Using our denition of K, Eq. (14), and taking
into account that S
12
= I (i.e. ! = 0) according to our solution of the equation
dV
e












































































































)  0. We have kept cos
12
since the angle 
12









































. We assume that this smallness is ensured by the










































 3  10
 3
. Thus, the second term
in the square braclets in (49) is completely negligible as compared to a.
Eq. (49) is the only physical consequence of the minimum of the potential (46).



















=  a + b  1 : (50)


















Thus the non-trivial minimum is deeper than the trivial one.



















































































































































































































are expressed through one unknown number a, or b, (a and b are not




























































































































from (53) and using the relation (49), we get the













)(1  b) + 
b
= 0 : (56)

















































Thus b diers from 1 only by a small correction:






























' 0:02 : (58)






























 ' 0:7 : (59)
It is straightforward now to derive the relation between the physical mixing angles.




















































are already expressed through
the mixing angles, Eqs. (58) and (59). To present this relation in a more trans-































= 0 was quite adequate for the previous




















































































Here  and a
0
are given by (58) and (59). Thus, neglecting the corrections which
















Neither the left-hand nor the right-hand side of this equation is well known. How-
ever (64) is satised within the present experimental accuracy. Indeed, according








= 0:08 0:02. Substi-







in agreement with the present understanding of the quark mass spectrum.
6 Pseudo-familon masses
The equation (64) is the only relation between physical quantities following from
the symmetry structure of the eective potential. On the other hand, the value
of the eective potential, or more precisely, the value of its second derivative,
determines the masses of the "pseudo-familons" | the pseudo-Goldstone bosons
corresponding to mixing angles. Though no reliable estimate of these masses
seems possible we shall try to suggest a guess of what they could have been.






























We have learned recently that the same relation was obtained in ref. [15] in the completely
dierent approach, namely by considering the mass matrix ansatzes with universal strength of




is the pseudo-familon eld,  and F are the corresponding angle and
the scale, 
F
= F. The last equality in (65) expresses the obvious fact that
the dierentiation in angles do not change dramatically the value of the eective
potential.
For the estimate of the value of V
e
we can use one of the diagrams of Figs.
5,6. We prefer to consider a three-loop diagram shown in Fig. 6 since it does not








































 v is the supersymmetry breaking scale, and M is a mass of heavy





are the MSSM Yukawa coupling matrices which are related to v.e.v.'s




Let us consider for example pseudo-familons related to 23 (or 13) mixing









=M , and the relevant scale F is essentially













the corresponds to the "true" familon if the SU(3)
H
symmetry is global;
it is absorbed by the horizontal gauge boson if SU(3)
H
is local). Then from Eqs.



























which say for m
S
= 700 GeV is of the order of GeV. As for the familons re-
lated to the 12 mixing angles, one can obtain the similar estimate by taking



























Such massive pseudo-familons can decay into light quarks. For example, for

























since the ratio m
f
=F , where m
f
is a fermion mass, determines the strength of





GeV, keeping in mind the typical value discussed usually for the
breaking of the Peccei-Quinn symmetry. Note also that F cannot be much smaller
than 10
10
GeV, due to the experimental bounds on the FCNC with the emission




+familon [4]. It is easy to see that the lifetime of 23
21
pseudo-familons approximately scales with respect to that of 12 ones as inverse
ratio of their masses, i.e. is smaller by about 2 orders of magnitude.
If pseudo-familons were in equilibrium in the early universe, then such long
lifetimes ( > 1 s) can be somewhat problematic for nucleosynthesis. However, if
the inationary reheating temperature is considerably below the scale F > 10
10
GeV, which indeed seems to be the case e.g. due to constraint from the gravitino
production, then familons would not be produced after the ination.
7 Discussion
Summarizing the content of this work we would like to separate the general idea
which has been put forward from its concrete implementation. The idea is that
the weak mixing angles might be actually the dynamical degrees of freedom| the
pseudo-Goldstone bosons similar to the axion. The vacuum expectation values
of these elds x the Cabibbo{Kobayashi{Maskawa matrix. We believe that this
general assumption may survive even if the concrete scenario turns out to be
quite dierent from a one suggested in this paper. In that respect what has been
done may be considered as an existence proof. A clear lack of this model is that





matrix (e.g. in terms of the mass ratios), but rather implies certain ne tunings
in adjusting their values to the experiment. At the same time we cannot help
feeling a pleasant surprise that a model which we have chosen has led us to the
relation (64) which is in a reasonable agreement with the experiment.
One interesting feature of our model is that CP -violating phase is vanishing
in the CKM matrix. In other words, weak interactions cannot be responsible for
the CP violation in our model. However, the CP violation can be obtained due






system, both  and 
0
parameters
[16], due to the avour non-diagonal quark-squark-gluino couplings. Interestingly,
the horizontal symmetry itself controlls that there can be no big avour changing
fermion-sfermion couplings to neutral gauginos. In particular, if the horizontal
SU(3)
H
symmetry is global, then the considered model satises the criteria given
in ref. [17] and thus no avour-changing eects would emerge at all beyond the






system once the CKM matrix is real. Nevertheless, if the SU(3)
H
symmetry
is local, the avour changing and CP-violating eects could be induced by D-
terms [18]. Alternatively, one could introduce some additional fermion states
heavier than U and D. Then some avour changing eects could emerge at their
decoupling [19].
Coming back once again to our initial point, if only the structure (5) emerges
in the eective potential, then the CKM mixing angles are trivial. In order to
deviate them from zeroes, some other terms should be introduced. In particular,
we have included additional terms in the form of Eq. (10). However, these terms
22
could have completely dierent structures. For example, in the context of the
left-right symmetric models one can imagine the situation when the structure





certain symmetry relations (in other words, left- and right rotation angles are not
independent but do not coincide). In this case one could obtain a natural solution.
Another possibility can be related to grand unication theories, which introduce
leptons into the consideration and thus could create alternative structures. The
renormalization group eects could be also important for obtaining the non-trivial
mixing angles.
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Figure Captions
Fig. 1. The diagram due to the W boson exchange which generates the term
(7).
Fig. 2. Diagrams contributing the vacuum energy due to the Yukawa inter-
actions, and leading to a structure (5).
Fig. 3. An example of diagram with the charged Higgs exchange.
Fig. 4. Diagrams generating the fermion masses via exchange of the heavy
fermions U and D.
Fig. 5. Supergraphs generating the rst two terms in (31) after supersymme-
try breaking. Insertions of spurions z; z are not shown.
Fig. 6. Supergraph generating third term in (31). Under the non-renormalizable
vertices the tree-level graphs of Fig. 4 are understood.
Fig. 7. Stable congurations of vectors with interactions given by Lagrangian
(36): (A) the case of three repulsions, a; b; c > 0; (B) the case of two attractions
and one repulsion, a; b < 0, c > 0.
Fig. 8. Contours restricting the parameter regions with the non-trivial mini-
mum. Regions I and III correspond to the case c = 1, and regions II and IV { to
the case c =  1.
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